In the one-boson-exchange model, we investigate possible strange hidden-charm pentaquarks produced from the
Introduction
In the past decade, the study of new exotic states is a very hot topic in hadron physics, which is helpful to deep our una chenr2012@lzu.edu.cn b junhe@impcas.ac.cn c xiangliu@lzu.edu.cn derstanding of the non-perturbative QCD behavior. Thanks to experimental progress, a serial of hidden-charm exotic resonances were reported, which were suggested to be the candidates of the hidden-charm molecular state, tetraquark, pentaquark, hybrid meson, and so on (see Ref. [1] for more detail). Among these interpretations, the hadronic molecular state scheme is one of the most important and widely adopted pictures of the internal structure of the experimentally observed exotic resonances especially these near the threshold of two hadrons [2, 3, 5, 4] .
Last year, a breakthrough happened in hadron physics with an observation of two pentaquark states P c (4380) and P c (4450) at LHCb [6] . The hidden-charm pentaquark has been expected for a long time [7, 8, 9, 10, 11, 12, 13] . The LHCb observation stimulates theorists to study the internal structure of the P c (4380) and P c (4450) in different pictures, such as the molecular states [4, 14, 15, 16, 17, 18, 19, 20, 21] , the diquark-diquark-antiquark pentaquarks [22, 23, 24, 25, 26, 27] , the diquark-triquark pentaquarks [28, 29] , the rescattering effect [30, 31, 32] , and the topological soliton [33] .
To understand the internal structure of the LHCb pentaquark which have a quark constitution [ccqqq] (q = u, d), it is useful to study the prentaquarks with other quark constitutions in theory and experiment. Such pentaquarks can be searched for in other unsuppressed decay channels with the quarks in final particles being rearranged. In Ref. [14] , the possible charm-strange molecular pentaquarks were studied in a one-boson-exchange (OBE) model and it was proposed that the channel Λ 0 b →D 0 D 0 Λ 0 is appropriate to search for two predicted pentaquarks P cs (3340) and P cs (3400) corresponding to the Σ cK * configuration with I(J P ) = respectively. Very recently, Karliner and Rosner [34] proposed another promising channel Λ b → J/ψΛ(π + π − /η) to study possible strange hidden-charm pentaquark composed of Λ c andD * s . Table 1 The properties of hadrons involved in this work [41] . Here, the mass is taken as the average value, for example, mD * = (mD * 0 + m D * − )/2. Since the molecular state is assumed as a loosely bound state, the one-pion exchange (OPE), which was firstly proposed by Yukawa to describe the nucleon-nucleon interaction, is often adopted to provide an attraction in the long range because of its small mass [2, 3, 35, 36, 37, 4, 5] . However, the OPE will be suppressed according to the OZI rule in the case of Λ cD * s interaction. Hence, the oneeta exchange (OEE), which describes the medium-range interaction mechanism [38, 39, 40] , becomes dominant as suggested in Ref. [34] where, however, no explicit dynamical study about interaction was done in the same reference.
There exist a few studies about some strange hiddencharm pentaquarks [7, 8, 9] . In this work, we will systematically investigate the possible strange hidden-charm pentaquarks with a quark constitution [ccsqq] in the hadronic molecular state picture in the OBE model with the OPE and the OEE considered. At hadronic level, two kinds of molecular configurations will be taken into consideration, which are systems composed of a charmed baryon and an anticharm-strange meson, i.e. Λ cD * s , Σ cD * s , and Σ * cD * s , and systems composed of a charm-strange baryon and an anticharmed meson, i.e. Ξ cD * , Ξ ′ cD * , and Ξ * cD * . In Table 1 , we list the masses and quantum numbers of charmed hadrons involved. In this work, special attention will be paid to the roles of the OEE and the OPE in the formation of a hadronic molecular state.
The paper is organized as follows. After introduction, we present the deduction of the OPE and OEE potentials in Sec. 2 with the help of the effective Lagrangian. In Sec. 3, we present the corresponding numerical results about the strange hidden-charm pentaquarks produced from the interactions considered. Finally, a conclusion and discussion is given in Sec. 4.
Deduction of effective potential

Wave function
First, we will introduce the wave function for the molecular pentaquark state, which is the product of color, flavor, spinorbit, and spatial wave functions. For colorless mesonbaryon molecular state, the color wave function is simply taken as 1.
In the case of deuteron, D wave is important to form the shallow bound state through the tensor force and S-D wave mixing. In this work, the D wave is considered as well as S wave. Here, we use the notation | 2S +1 L J to define spin-orbit wave function. Since the S -and D-wave mixing is taken into consideration, the orbit angular momentum L = 0 and 2 will be involved. According to the information listed in Table 1 
(1)
The explicit expressions of the spin-orbit wave function are categorized into two types based on the spin S B of the baryon in the system considered, i.e., In addtion, the flavor wave functions |I, I z of the molecular pentaquarks are constructed as
where Σ 
Effective Lagrangian
To describe the interaction between heavy hadron and pseudoscalar meson, the effective Lagrangians are introduced with heavy quark symmetry, chiral symmetry, and hidden local symmetry as [42, 44, 43, 45, 46 ,47]
where
and S µ are defined as field operators.
The superfield operator S µ is related to baryons B 6 with J P = 1/2 + and B * 6 with J P = 3/2 + in the 6 F flavor representation. The expression of S µ reads
The matrices for P, B3, B 6 , and B * 6 are
Expanding Eqs. (5-7), we can obtain
In the above Lagrangians, there are three coupling constants g, g 1 , and g 2 to be determined. According to the D * decay width [48] , the coupling constant g in Eq. (5) is taken as g = 0.59 ±0.07 ±0.01. And g 1 in Eq. (6) is fixed as g 1 = 0.94, which is the value adopted in Refs. [4, 14] . The coupling constant g 2 in Eq. (7) describes the strength of the coupling of pseudoscalar meson π/η and charmed baryons B3 with its light quarks in3 F representation. In heavy quark limit, the coupling constant g 2 is taken as g 2 = 0 because the decay process B3 → B3 + π/η is forbidden. The normalization relations for vector meson P * , baryon B3(B 6 ) with spin-1/2, and baryon B * µ 6 with spin-3/2 are
where M B3, B 6 ,P * is the mass of vector meson P * , baryon B3, or baryon B * µ 6
. The σ σ σ and p p p are the Pauli matrix and the momentum of the corresponding heavy hadron, respectively.
Effective potential
With above preparation, we can easily obtain the scattering amplitudes. The effective OPE/OEE potentials can be worked out according to the Breit approximation,
where M(ab → cd) denotes the scattering amplitude of a process ab → cd, and M (a,b,c,d) is mass of particle a, b, c, or d. By performing the Fourier transformation, an effective potentials in momentum space V E () can be transferred to a potential in coordinate space as
In the above Fourier transformation, a form factor should be introduced at each interaction vertex to compensate the off-shell effect of exchanged meson. In this work, we adopt a monopole form of the form factor
with m E and q being the mass and fourmomentum of exchanged meson, respectively. The value of cutoff Λ is several GeV.
The general expressions of the effective potentials for processes considered in this work are written as 
At first sight, one can find that the Λ cD * s and Ξ cD * interactions are forbidden because of the heavy quark symmetry. For the Σ cD * s and Σ * cD * s interactions, the OPE is suppressed according to the OZI rule and vanishes under the symmetries considered in the current work. In the OPE effective potentials in Eq. (19) and Eq. (21), an isospin factor G(I) is introduced, which is taken as G(I = 1) = 1 in the isovector sector, and G(I = 0) = −3 in the isoscalar sector. For convenience, two auxiliary potential functions V 1 and V 2 are introduced as
· σ σ σ Z(Λ, m, r r r)
Z(Λ, m, r r r) 
The values of operators about angular momentum in Eqs. (23)- (24) sandwiched between the wave functions can be read from Table 2 , which will be used in the calculation.
numerical results
With the OPE/OEE effective potentials obtained in Sec. 2, the bound solutions (binding energy E and corresponding root-mean-square radius r RMS ) can be obtained by solving the coupled-channel Schrödinger equation. The corresponding kinetic terms for these investigated systems read as
where Table 3 , and we also present the Λ dependence of the bound solutions in Figure 1 . Because only pion and eta meson exchanges are considered in this work, only the results for a very weakly bound state is reliable in our model. Hence, here and hereafter, we only present results with a binding energy around 10 MeV.
With an estimation of radius of the heavy meson about 0.5-1fm and assuming the light meson as point particle, the cutoff is about 1-1.5 GeV. However, besides the light meson itself is not point particle, such estimation is very crude. A wider range as 0.6 < Λ < 5 GeV will be adopted in this work for reference. When scanning cutoff Λ in a range from 0.6 to 5 GeV, we can find three bound solutions, a Σ cD * s state with quantum number I(J P ) = 1( Compared with the cutoffs about 1.5 GeV to reproduce the experimentally observed P c (4380) and P c (4450) in Refs. [4, 14] , the cutoffs here are a little larger. It indicates that the OEE really provides an attractive force but not strong enough to produce the bound state if a cutoff about 1.5 GeV is adopted. However, considered that the systems here are different from those for the P c (4380) and the P c (4450), it is not necessary to adopt the same cutoff. For the Ξ ′ cD * and Ξ * cD * systems, the OPE is not suppressed, which works with the OEE to provide the interaction force. The numerical bound solutions for the Ξ ′ cD * and Ξ * cD * systems are collected in Table 4 and Table 5 , respectively. Here we still scan cutoff Λ in a range from 0.6 to 5 GeV. Read from Table 4 , there are no bound solution obtained from the Ξ ′ cD * interaction if only OEE is included in the calculation. However, with only OPE considered, there exist three bound solutions for the Ξ ′ cD * states with 0( GeV, should be adopted to produce a bound sate. We do not recommend the Ξ ′ cD * state with 1( and solid lines are for the OEE , the OPE and total effective potentials, respectively. Here,
, and
Usually, the OPE is more important than the OEE because of the larger mass of the η meson. We expect the results with both the OPE and the OEE are closer to the results with only the OPE. The bound solutions for the Ξ ′ cD * system under considering both the OPE and the OEE are presented in columns marked with OPE&OEE in Table 4 . Two bound state solutions, the Ξ ′ cD * state with 0( 2. The OPE effective potentials are much larger than the OEE effective potentials and dominant in the total potentials in V 11 , V 12 , and V 22 cases. The lines for the OPE potentials nearly overlap these for the total effective potentials. Besides, as indicated by the results about the bound state solution, the OEE behaves similarly to the OPE but with smaller contribution.
In Table 5 , we present the numerical results for the Ξ * cD * system. As the Ξ ′ cD * system, no bound state is obtained is closer to these to produce the observed P c states, about 1.5 GeV, in Refs. [4, 14] . Especially for the Ξ * cD * state with 0( 1 2 − ), the value of the cutoff is around 1 GeV, which fits the results of the deuteron in [2, 3] . Thus, these two Ξ * cD * states with 0( Figure 3 . A similar conclusion as the Ξ ′ cD * state with 0( 3 2 − ) can be reached. The OEE contribution is much smaller than the OPE contribution for all V i j considered, which is consistent with the observation from the bound state solutions in Table 5 . Table 6 The allowed decay channels for the Ξ ′ cD * and Ξ * cD * with different quantum numbers.
Additionally, we also provide the allowed two-body decay channels for the Ξ ( ′ , * ) cD * molecular pentaquarks with different quantum numbers in Table 6 , which may be useful for the further experimental study of these molecular pentaquarks.
Discussion and conclusion
The observation of the hidden-charmed pentaquarks P c (4380) and P c (4450) inspires us to search for more possible hiddencharmed pentaquarks. In this work, we study the possible strange hidden-charm pentaquarks produced from the Σ cD * s , Σ * cD * s , Ξ cD * , Ξ ′ cD * , and Ξ * cD * interactions. In the investigation, the OPE and the OEE are included. For the Σ cD * s and Σ * cD * s systems, the OPE contribution is absent and the OEE contribution is adopted to find the bound state solutions from these interactions. However, for the Ξ cD * , Ξ ′ cD * , and Ξ * cD * systems, both the OPE and the OEE contributions are involved. Due to the lack of the OPE contribution in this system, the experimental observation of these molecular pentaquarks will provide a good platform to demonstrate whether the OEE only is sufficient to form a molecular state.
For the Ξ ′ cD * and Ξ * cD * systems, more bound state solutions are obtained. Among these states, we should pay more attention to three molecular candidates, the Ξ ′ cD * state with 0( − ). These three molecular states can be produced at cutoffs about 1.5 GeV, which is an empirically suggested values and close to the value about 1.5 GeV with which the experimentally observed P c (4380) and P c (4450) can be produced [4, 14] . If we adopt a larger cutoff, there exist two more molecular pentaquarks, the Ξ ′ cD * state with 0( In Refs. [7, 8] , a state with 0( − ) was also found with a mass about 4370 MeV with vector meson exchange in Refs. [7, 8] and depends on both Λ cD * s and Ξ cD * channels where the exchanges of both pion and eta mesons are forbidden under the heavy quark symmetry and chiral symmetry. In our approach and Refs. [7, 8] , different exchanges are adopted to describe the interactions, which leads to the different results.
In this work, we focus on the roles of the pesudoscalarmeson (π and η) exchanges, which are more important in the long-and medium-range interactions and for very loosely bound state. Though interaction from the OEE is weaker than that from the OPE, thee possilbe bound states, the Σ cD * s with 1( − ), can be produced from the interaction only from the OEE. The experimental search of the these states will be helpful to understand the role of the OEE in formation of the hadronic molecular state as suggested in Ref. [34] . 
